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Abstract
The TJNAF Free Electron Laser (FEL) will be upgraded to operate at 10 kW average power in the near future.
Multimode simulations are used to analyze the operation describing the evolution of short optical pulses in the far
infrared wavelength regime. In an FEL that recirculates the electron beam, performance can depend on the electron
beam distribution exiting the undulator. The effects of varying the undulator field strength and Rayleigh length of the
resonator are explored, as well as the possibility of using an optical klystron. The simulations indicate that the FEL
output power can reach the design goal of 10 kW. r 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The Thomas Jefferson National Accelerator
Facility (TJNAF) has plans to modify their 2 kW
[1] free electron laser (FEL) to operate at increased
power of 10 kW [2]. The modification will involve
adding an accelerator section to increase the
electron beam energy up to 150MeV. The acce-
lerator will provide half picosecond long electron
pulses at a repetition rate of 75MHz with 270A
peak current, only 0.17% energy spread, and an
electron beam radius of 350 mm. The average
power in the electron beam will be 1.5MW. To
obtain a 10 kW beam from the FEL an extraction
efficiency of approximately 0.7% is required. The
undulator has l0 ¼ 20 cm wavelength with rms
undulator parameter K ¼ 2 over N ¼ 24 periods
resulting in l ¼ 5:8 mm wavelength radiation. The
undulator includes a dispersive section so that a
klystron interaction can be explored. The optical
resonator provides a Rayleigh length of 2m and
has 15% output coupling.
It is useful to introduce dimensionless para-
meters that describe the physics of the FEL design
[3]. The electron pulse length le is nearly equal
to the slippage distance Nl and is described by
sz ¼ le=Nl: When sz is close to unity, the FEL
interaction is affected by the continuously chan-
ging overlap of the short optical pulse slipping
over the short pulse of bunching electrons. The
dimensionless current density j is taken at the peak
of the electron pulse, which is assumed to be
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parabolic in shape. The resonator design deter-
mines the Rayleigh length, the transverse optical
mode size, and the filling factor F averaged along
the undulator. The desynchronism d ¼ DS=Nl is
the shortening of the resonator cavity length by DS
compared to the slippage distance Nl; and over
many passes n; is crucial in determining the steady-
state FEL gain, power, optical pulse shape,
spectrum, and induced energy spread. The
strength of the klystron dispersive section is
measured by D; which is the equivalent drift
length divided by the undulator length.
The undulator parameter is defined by K ¼
eBl0=2pmc2 where the rms field strength B of the
electromagnetic undulator can be varied. Table 1
shows how various parameters are affected as K is
increased from 1 to 4. The FEL wavelength
increases from 2.3 to 20 mm due to the resonance
condition, l ¼ l0ð1þ K2Þ=2g2: The slippage dis-
tance Nl is increased, so the dimensionless
electron pulse length drops from sz ¼ 2:7 to 0.32.
Longer wavelengths produce a large optical mode,
so the filling factor is reduced from F ¼ 0:06 to
0.007. The dimensionless current density j in-
creases as K2; but the product jF used in the
simulations varies only slightly, from jF ¼ 2:9 to
3.8.
2. Optical power
Fig. 1 shows the results of longitudinal multi-
mode simulations with no klystron (D ¼ 0). The
average output power is plotted vs. desynchronism
d: The maximum power of 14.5 kW is achieved
with undulator parameter K ¼ 2; and similar
results are obtained for K ¼ 1: The simulations
also predict a short optical pulse of about 0.5 ps
and a narrow optical spectrum. The final electron
energy spread of B5.5% is within the require-
ments for recirculation of the electron beam [2].
No power is achieved for K ¼ 3 and 4 due to the
smaller filling factor F and shorter electron pulse
length sz:
Fig. 2 shows that the introduction of a klystron
section of dispersive strength D ¼ 0:25 should
reduce the average power to slightly above
10 kW for K ¼ 1 and 2. The weak klystron also
provides enough gain to the FEL to enable
operation with K ¼ 3; but at an output power
Table 1
TJNAF FEL parameters for various values of K
K ¼ 1 K ¼ 2 K ¼ 3 K ¼ 4
l (mm) 2.3 5.8 12 20
sz 2.7 1.1 0.54 0.32
jF 2.9 3.7 3.8 3.8
























Fig. 1. Output power and efficiency vs. desynchronism without
klystron (D ¼ 0). The power is greater than the design goal of


























Fig. 2. Output power and efficiency vs. desynchronism with
weak klystron (D ¼ 0:25). The power is greater than the design
goal of 10 kW for K ¼ 1; 2: For K ¼ 3; the maximum power
is 7.5 kW, while for K ¼ 4 there is no output due to small F
and sz:
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level of only 7.5 kW. In this case, the final electron
energy spread is reduced to about 4%.
With stronger klystron dispersive values above
D ¼ 0:5; all four undulator parameter values
produce some output power, but less than the
desired value of 10 kW average power.
3. Transverse mode effects
Fig. 3 shows a three dimensional simulation in
x; y; and t of the proposed laser. The dimension-
less parameters corresponding to undulator para-
meter K ¼ 2 are shown in the upper right corner of
the graph, along with the grey scale for the
intensity plots. The transverse dimensions are
normalized to ðLl=pÞ1=2; and the longitudinal
dimensions are normalized to the undulator length
L: The electron beam radius is se ¼ 0:12 and the
Rayleigh length is z0 ¼ 0:4: The dimensionless
optical field amplitude is indicated by jaj: At each
pass, the electrons are injected with an initial
Gaussian spread in phase velocity of width sG ¼
0:5; centered on n0 ¼ 9: Cavity losses are given
by Q ¼ 6 corresponding to approximately 15%
mirror transmission and edge losses around the
mirrors of 0.1% per pass. The mirror radius is
rm ¼ 3:2; with radius of curvature rc ¼ 1:2; and the
optical waist is located in the center of the
undulator, tw ¼ 0:5: The mirror separation was
artificially shortened to twice the undulator length
for numerical convenience. The simulation was
started in weak fields, a0 ¼ 0:1; and allowed to
evolve until steady-state power was obtained in a
stable resonator mode.
The upper-left plot jaðx; nÞj shows the evolution
of a slice through the optical mode over n ¼ 500
passes. The upper-middle plot jaðx; yÞj shows the
final optical wavefront at the undulator exit. The
center plot jaðx; tÞj shows a slice through the
optical wavefront during the final pass. The lower-
left plot f ðn; nÞ shows the evolution of the electron
Fig. 3. Three dimensional simulation in x; y; and t over many passes n; for normalized Rayleigh length z0 ¼ 0:4: The graphs and
parameters are explained in the text.
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phase velocity distribution, and next to it is the
final electron phase space plot. In the lower-right is
the evolution of the electron power PðnÞ and gain
GðnÞ:
In weak optical fields, atp; the small electron
beam distorts the resonator mode, reducing the
filling factor and enhancing the gain in this
example by about  4 compared to a simple
theoretical estimate. As the field grows to satura-
tion in strong fields, the figure shows that gain and
mode distortion are reduced. Notice that at about
n ¼ 200 passes, the optical mode narrows and the
power grows rapidly again, finally developing a
more symmetric Gaussian mode with steady
power.
The Rayleigh length affects the filling factor
along the length of the cavity, and hence the FEL
gain and efficiency. Fig. 4 shows the results of
three dimensional simulations for weak-field gain
and steady-state power exploring different Ray-
leigh lengths z0: The gain varies only slightly over
the range z0 ¼ 0:120:6; with a peak around 0.5.
The steady-state power increases approximately
linearly as z0 decreases. For z0 ¼ 0:1; the power is
about 50% greater than at the original design
value of z0 ¼ 0:4 (indicated by the triangular tick
mark on the horizontal axis). Also shown at each
point is the optimum resonance parameter n;
which increases with shorter z0 [3]. Another
obvious advantage of a shorter z0 is that the laser
spot size at the mirrors increases, reducing the
power density on the mirrors.
Three dimensional simulations were also used to
look at mode distortion effects in the optical
klystron. As expected, the weak-field gain is
enhanced by the klystron, but the saturated power
drops significantly. For D ¼ 0:25; the power is
reduced by  4 compared to the results with no
klystron. For larger D the final power is also
reduced significantly.
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Fig. 4. Three dimensional simulation results for weak-field gain
and steady-state power vs. z0: The optimum resonance
parameter n is indicated at each point.
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